Chromosomal rearrangements are often the oniy apparent difference between closely related species, although it is not clear whether they are a cause or a by-product of speciation. We suggest that changes in the pattern of recombination may provide a link between chromosomal rearrangements and speciation. In models of speciation by sexual selection and by reinforcement, recombination is a major barrier to the formation of new species, primarily because it opposes the establishment of linkage disequilibrium. Here we show that in both the Felsenstein (1981) and Kirkpatrick (1982) models, a recombination suppressor is able to enhance the processes leading to speciation and increase its own frequency in the population.
Introduction
Ithas long been observed that chromosomal rearrangements are associated with the formation of new species.
Closely related species frequently differ chromosomally despite high genetic similarity (White, 1978; King, 1993) . Some species apparently only differ for a few genomic rearrangements (Lewis, 1973) . It has been suggested that the chromosomal rearrangements are underdominant and thus play a direct part in the evolution of reproductive isolation, although it is difficult to explain their local fixation and spread in this case (Lande, 1979; Barton & Hewitt, 1980) . Underdominance produced by some type of single rearrangements is, in fact, often very weak or absent, e.g. inversions in Drosophila (Sturtevant & Beadle, 1939; Coyne, 1992) , fusions in Sorex (Searle, 1986) or Podisma (Hewitt & and so additional reasons for the association between chromosomal change and speciation need to be sought.
A common feature of chromosomal rearrangements is modification of the pattern of recombination: inversions cause local suppression of recombination whereas fusions and translocations bring into linkage previous unlinked loci. This suggests a possible link with speciation as Felsenstein (1981) has identified recombination as a primary process opposing progress towards speciation. This is a problem common to all *Correspondence 339 models of speciation by reinforcement (Butlin, 1987) which require the build-up of linkage disequilibrium between underdominant loci and assortative mating loci. Similarly, models of speciation by sexual selection (O'Donald, 1962; Lande, 1981; Kirkpatrick, 1982; Seger, 1985; Maynard Smith, 1991) rely on linkage disequilibrium, in this case between male trait loci and female preference loci. The greater the linkage disequilibrium maintained by assortative mating, the greater the probability of rapid divergence in secondary sexual traits and preferences by the Fisher process. Recombination influences both the build-up and decay of disequilibrium in these models and thus influences evolutionary trajectories. Divergence in traits and preferences can, of course, lead to prezygotic isolation between populations. The importance of linkage disequilibrium is not restricted to the Fisher process but this is the mechanism of sexual selection that has been most widely discussed in the context of speciation (e.g. West-Eberhard, 1983 ).
We have therefore extended the Kirkpatrick and Felsenstein models by including a suppressor of recombination. This suppressor will be described as an inversion for the sake of brevity but other chromosomal rearrangements may have similar effects, as do many nonchromosomal suppressors of recombination. The Kirkpatrick model is used as an example of a sexual selection model because its simplicity makes the effects of recombination suppression easy to visualize. The likely outcome in more complex, especially polygenic, models will be discussed below.
For each model we consider: (i) whether the inversion will spread, and (ii) whether its spread alters the likelihood of progress towards speciation. Both computer models were developed using Borland Turbo Pascal 5.5. The Kirkpatrick model was written from scratch but the Felsenstein model was a modified version of Felsenstein's (1981) Adding an inversion, that suppresses recombination between the A and B loci, to a proportion of the ABC individuals in the starting population bears out the observation from the original model: reducing the amount of recombination between the A and B loci increases the range of conditions in which disequilibrium is established (Figs 1-3) . The strength of assortative mating required to obtain stable disequilib- The inversion was observed to spread such that all A individuals carried the inversion. Once this situation has been reached, no recombination between ab and AB genotypes can occur and so the level of disequilibrium is maintained indefinitely.
Felsenstein's results were independent of starting conditions. The arbitrary starting conditions chosen for our simulations were: all allele frequencies 0. were observed to reduce the critical value of assortment for a given value of selection (Fig. 4) . If the inversion were to arise while the ABC genotype was itself rare, then in a finite population it may represent a substantial proportion of that genotype and thus produce a large increase in the probability of speciation.
When the inversion suppressed recombination between the B and C loci, progress towards speciation was impaired as expected. Felsenstein found this to be the result of decreasing recombination in his original model because it is the production of unfavourable combinations of B and C alleles that generate selection for assortative mating. The inversion itself was able to sweep throughout both subpopulations, eliminating all noninverted BC genotypes. This eliminates the production of bC and Bc gametes and thus the selection for linkage disequilibrium with the A locus, i.e. for reinforcement.
This is an effect of the haploid model used and was absent in Felsenstein's diploid model where selection against 'hybrids' was not dependent on epistatic interactions between loci. We would not expect the suppression of recombination among selected loci in a diploid model to impair speciation. On the other hand, Felsenstein found that recombination between the mating locus and the selected loci had the same effect in his diploid model as in the haploid version. Therefore, we expect that the observed effect of a recombination suppressor on progress toward speciation is not limited to the haploid case.
Other possible positions for the inversion have sions over the BC region hinder progress towards speciation, although they themselves are spread throughout the population if they include a favourable combination of alleles. Diehi & Bush (1989) modified the Felsenstein model by the inclusion of habitat-associated mating and found that this eased the conditions for establishment of disequilibrium. Suppression of recombination may combine with this effect to increase the probability of speciation still further.
Kirkpatrick model In the Felsenstein model prezygotic isolation can be generated by reinforcement. However, prezygotic isolation may also result from divergence of mating traits and preferences, due to sexual selection in allopatric populations. We have modified the Kirkpatrick (1982) model of sexual selection rather than the Lande (1981) model because of its relative simplicity but the congruent conclusions from the two original models suggest that suppression of recombination would have qualitatively similar effects (see below). In the Kirkpatrick model only two loci are considered, P and T P1 females mate at random, while P2 females mate assortatively, a2 times more frequently than at random. T1 males are normal, while T2 males possess a secondary sexual trait that incurs a selective disadvantage of S. The population is infinite, the organisms are haploid and no other effects are considered.
The model produces a simple deterministic result, with populations approaching a line of neutral equilibria, occasionally leaving both loci polymorphic. The likelihood of fixation of the trait allele is: (i) inversely proportional to the selection against trait-bearing males, (ii) directly proportional to the strength of female preference, (iii) dependent on initial preference and trait allele frequency, and (iv) influenced by the recombination fraction. The effect of recombination is limited to the initial evolutionary trajectory and is small, except when there is no recombination. This effect operates through the level of positive linkage disequilibrium generated by assortative mating. If there is a cost associated with preference in females, then the outcome is always elimination of both P2 and T2 alleles (but see Pomiankowski eta!., 1991) .
The line of neutral equilibria is an attractor, to which the allele frequencies move. Above the line, preference and trait both increase, below the line they both decrease and on the line the system is static. The position of the line is independent of the recombination frequency (r) between P and T but recombination influences disequilibrium between P and T and thus the slope of evolutionary trajectories for populations away from equilibrium. In agreement with these observations, an inversion, suppressing recombination between the P2 and T2 alleles has no detectable effect on the position, gradient or stability of the line of neutral equilibria. It does, however, affect the linkage disequilibrium between the alleles and hence their behaviour away from equilibrium. It increases the correlation between the trait and the preference alleles such that they reach the line of neutral equilibria at a much higher position (Figs 5 and 6 ). In many cases it is possible for the trait or both trait and preference alleles to be fixed in the population. The inversion is, in effect, increasing the genetic regression of preference on trait (BIG ratio) which specifies the evolutionary trajectory followed by a population in both the Kirkpatrick and Lande (1981) The inversion raises the gradient of the trajectory, making fixation of the trait allele or both trait and preference alleles more likely, iii any given situation. In this example the starting conditions were: T2P2 frequency 0.1; T2P, frequency 0.1; T1P2 frequency 0.1; T1P1 frequency 0.7; S = 0.25; a2 4.0 and = 0.5. The lower dashed line is for the case without an inversion, and the higher solid line is for the case when P2T2 had an inversion representing 10 per cent of its frequency.
quickly break down the association and the alleles return to their uncorrelated state. With higher levels of linkage disequilibrium generated, any perturbation from the line of neutral equilibria, by processes such as drift or environmental change, would result in the system moving further away from the line than would be possible otherwise. Thus progress towards fixation of P2 and T2 becomes more probable when a population is displaced above the line but elimination of these alleles becomes more probable following displacements below the line (Fig. 7) . 0 Generot ions Fig. 6 Upper graph is a plot of the haplotype frequencies versus generation time in a typical run, the lower graph shows the linkage disequilibrium for the same run. Initial values: P2T2=0.3; P1T2=0.2; P2T, =0.3; P1T1 =0.2; S0.5; a2 = 4; 0.5; inversion present as 25 per cent of P2T2 in the inverted case. These starting conditions were chosen to ensure that the system was initiated above the line of neutral equilibria. In both plots the solid symbols refer to the inverted case, the clear symbols refer to the noninverted case. In the upper graph the box is the frequency of P2T2 and the diamond is the frequency of the inversion. Disequilibrium was calculated as d/dm and thus has a range of -1 to
The frequency of the inversion only increases in the overall population as a proportion of the genotype in which it is present. Thus if initially present at 20 per cent of the P2T2 genotype, it will still exist at 20 per cent of the P2 T2 genotype but the frequency of P2 T2 will have risen and thus the absolute frequency of the inversion, within the population as a whole, will have risen (see Fig. 6 ). Kirkpatrick made the important point that the increase in frequency of P2 as the T2 allele spread to fixation may favour the spread of subsequent T alleles that further increased the preferred trait. Similarly, the increase in frequency of the inversion will increase the likelihood of tight linkage between the preference allele and new trait alleles appearing within the inversion, further enhancing their chances of fixation. New trait alleles appearing at loci outside the inversion will gain the advantage of pre-existing female preference.
The inversion was introduced into each of the four possible genotypes. The results for P2T2 have been described. If introduced into the P1 T1 genotype, the effect of the inversion is qualitatively identical as disequilibrium is similarly enhanced. The P1 T2 and P2T1 combinations give lower levels of linkage disequilibrium but otherwise no major change to the behaviour of the model. In neither case was the frequency of the inversion seen to rise, although only limited runs of these types were carried out.
In a polygenic model such as Lande's (1981) , the effect of an individual suppressor of recombination would be less as it would encompass only a fraction of the loci involved in preference and trait determination. On the other hand, a greater incidence of inversions or other rearrangements including at least some relevant loci would be expected. As in the Kirkpatrick model, an inversion would only enhance population divergence if it happened to hold together appropriate preference and trait alleles. These combinations are expected to be in higher frequencies than otherwise expected because of assortative mating but clearly the likelihood of a significant effect will depend on the distribution of loci.
Discussion
Two types of model for the behaviour of inversions, or recombination suppressors in general, in populations have been explored in the past. Some consider the spread of a rearrangement by drift in small populations despite underdominance. This process may be aided by meiotic drive or by selection favouring the mutant homozygote but, nevertheless, conditions for both the local fixation (Lande, 1979) and spread (Barton & Rouhani, 1991) of the rearrangement are very stringent. Others (Fraser & Burnell, 1967; Charlesworth & Charlesworth, 1973 ) have attempted to model the spread of inversions as a consequence of their effects on recombination. These models show that the deterministic spread of an inversion from low frequency is possible, although it remains unlikely. Fraser & Burnell (1967) considered the effect of introducing an inversion into a multilocus system without epistasis but did not find conditions for the spread of the rearrangement when rare. Charlesworth & Charlesworth (1973) found that epistatic fitness interactions are a necessary condition for the spread of a rearrangement in a multiocus system. A rearrangement will increase in frequency from a low starting value only if the population is at or near an equilibrium with linkage disequilibrium. They found that there are several types of fitness interaction that can generate stable equilibria with little or no linkage disequilibrium for certain ranges of the recombination parameters and, in such cases, there is virtually no selection in favour of a new inversion, unless the initial inversion frequency is above a critical threshold value.
The models we describe involve the introduction of inversions into systems that maintain disequilibrium because of assortative mating and so the spread of the inversion that we observe is consistent with the conclusions of Charleswotth & Charlesworth (1973) . The interesting additional feature of these models, however, is that the spread of the inversion potentially increases the extent of reproductive isolation between populations. It may contribute to speciation and thus help to explain the observed association between chromosomal rearrangements and speciation events.
Both the Kirkpatrick and Felsenstein models are designed to be simple, ignoring the complexities of real systems, so that they can be used to explore the key elements of natural systems. Both models have shown the importance of recombination as a process that controls linkage disequilibrium. Thus the suppression of recombination may be a critical element in specia- Our results show that the suppressor has a greater effect, and itself increases to a higher frequency, in the reinforcement model than in the sexual selection model. In both cases the effects are likely to be reduced by polygenic determination of the traits involved when the distribution of loci will be an important factor. The availability of recombination suppressors will also be a critical factor but may not be limiting since observed rates of chromosomal mutation are high (>1 in 500 gametes; King, 1993) .
A test of the predictions of these recombination suppressor models is simple in principle, though difficult in practice. The theory predicts that 'speciation' genes should be located in rearranged zones of the genome or more tightly linked than their physical distance might suggest. However, at present very few loci involved in speciation have been identified, let alone mapped (Coyne, 1992; Ritchie, 1992) . There is one example of sexual selection in which preference and trait genes are apparently both associated with a complex inversion: in the seaweed fly, Coelopa frigida (Gilburn et al., 1992 ) but this inversion is polymorphic over a very wide range and does not appear to be involved in divergence among populations.
Genes for both signal traits and preferences that distinguish two closely related sulphur butterflies, Colias eurytheme and C. philodice, have been localized to the X chromosome. An ultraviolet wing marker, two distinct• pheromone systems, and their associated female preferences, are all controlled by major genes located on the X chromosome (Grula & Taylor, 1980) . This pattern is unlikely to have arisen by chance in an organism with a large number of chromosomes: it may be the result of selection for linkage as predicted by our models and as suggested by Grula and Taylor. 
